Introduction
We report, to the best of our knowledge, the longest polarization-independent group delay (GD) of 5.4 ns measured with a Si rib waveguide so far for the entire C-band of photonic telecommunication wavelengths. It is strongly suggested that the rib waveguide has a great potential for integrated delay lines applicable to photonic telecommunication subsystems.
Optical delay lines are used to adjust input/output timings of signals in photonic-network-node subsystems. Although the delay lines have been often optical fibers, optical waveguides integrated on chips are desired to replace them, since temperature-dependent shift of the delays can be suppressed by attaching thermo-controlling devices to the chips. Optical waveguide on a silicon-on-insulator (SOI) chip is one of the most promising candidates for that purpose, since continuingly developing silicon technology is available to it. Among several types of structures, we select a rib waveguide that holds a guided mode profile much larger than that of Si-wire waveguide [1] , [2] ; with this waveguide, it is enabled to reduce polarization and wavelength dependences of delays. In addition, the large mode profile relieves too much confinement of optical power of wavelength-domainmultiplexed (WDM) optical signals, which can cause nonlinear phenomena affecting signal qualities [3] , [4] . These features imply that the rib waveguide can be eligible for optical delay lines used in photonic telecommunication subsystems. Figure 1 shows a schematic diagram of our waveguide guiding light. We used an SOI wafer consisting of a 1.5-µm-thick Si active layer with a (100) surface, and 3-µm-thick buried oxide layer on a Si substrate. The width and height of the rib were designed to 1.4 µm and 1.0 µm, respectively. For precise and quick patterning, we used a variable shaped-beam (VSB) electron beam (EB) writer, ADVANTEST F5112, and a chemically amplified resist, Sumiresist NEB-31S87 coated to be 240 nm in thickness. To maximize fidelity of curves to their smooth designs, the width of the shaped beam was set to the minimum grid of 2 nm. The EB dose at the edges of the waveguide patterns was enhanced double [5] , which effectively reduced the 3-sigma of the line edge roughness for a 1-µm span to less than 1 nm. The Si rib was etched by using an inductivelycoupled-plasma (ICP) etcher, SPP MUC-21, and the Bosch process with SF 6 and C 4 F 8 gases. The etching ratio of Si to the EB resist was 10 to 1. The etching depth in one cycle of the Bosch process was minimized to 25 nm to reduce the surface roughness of the rib. After removing the EB resist, 4 µm of silicon dioxide was deposited as an over-cladding by plasma chemical vapor deposition. Figure 2 shows a scanning electron micrograph of a rib edge. In this micrograph, it is observed that the side wall of the rib was smooth and that the scallop, which is usually a typical feature of the Bosch process, was suppressed to be invisible. The taper angle of the side wall was 90.3°, indicating sufficient high-precision of the rib etching.
Waveguide Structure and Fabrication Process
A 43.0-cm-long rib waveguide was integrated on the SOI wafer, a 42.2-cm of which was laid out in an area of 13.2×6.6 mm by being folded in a zigzag with thirty two 180°-bends. The waveguide bends included transition curves to reduce mode conversion loss at the junctions to straight waveguides. The minimum radius of curvature of the bends was 90 µm. Several other lengths of waveguides were also integrated in the same chips for propagation loss analysis. The wafer was finally diced into chips, and then polished at the both ends of the waveguides. No spot-size converters were attached at the ends. 
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Propagation loss Measurement
Figure 3(a) shows transmission spectra for TMpolarization light for three different lengths, which are basically flat and of very wide band distinctly unlike cavity-based delay elements. The measured optical losses at each wavelength were fitted in order to extract propagation loss and coupling loss of the waveguide separately. Figure  3(b) shows the calculated wavelength dependence of propagation loss for TM-polarization light. The smallest propagation loss per unit length was less than 0.6 dB/cm, so that the total propagation loss of the waveguide was about 26 dB, which was small enough to be recovered or pre-amplified by optical amplifiers. In Fig. 3(b) , it is seen that the propagation loss was increased with increasing wavelength, suggesting that the origin of the propagation loss was other than the Rayleigh scattering, which is proportional to the fourth power of wavelength. We believe that the edge roughness of the rib was sufficiently minimized by our EB-lithography and etching techniques. The bending loss of the 180°-bends was 0.05 dB/bend. The propagation and bending losses for TE-polarization light were also measured to be 0.7 dB/cm and 0.06 dB/bend at the smallest, respectively. The coupling loss of the waveguide to the lensed-fiber was 5 dB/end for both polarizations, which was close to the estimated value.
Group Delay Measurement
GD's of the 43.0-cm-long rib waveguide were measured based on the phase shift method. The amplitudemodulation frequency was set to 50 MHz, which allowed to measure group delays of up to 20 ns. The modulated light from the apparatus was input to a polarization controller and then to an Er-doped-fiber amplifier. The amplified light was input to the waveguide with the lensed-fiber. The modulation phase of the light collected from the waveguide was compared with that of the reference light to find GD's.
The GD's were measured for only the C-band according to the amplification band of the EDFA used. Figure 4 shows wavelength dependence of the GD's for the TM and TE polarizations. In Fig. 4 , the GD's for both polarizations were equal and constant through the C-band, and were 5.4 ns, which was, to the best of our knowledge, the longest polarization-independent GD measured with a Si rib waveguide for the entire C-band. The group index was calculated to be 3.8.
Conclusion
A polarization-independent group delay of 5.4 ns for the entire C-band was first demonstrated with a Si rib waveguide integrated on an SOI chip. To further increase group delay, propagation loss must be reduced; a simple measure is to enlarge mode profile. The footprint of the integrated waveguide can be reduced by using spiral configuration, which might allow us a stable delay of over 500 ns in an area of 2×2 cm, being sufficient for most of photonic node apparatus. It is, thus, suggested that the rib waveguide has a great potential for integrated delay lines applicable to photonic telecommunication subsystems. 
